The history from bio-imaging to live single-cell mass spectrometry (MS) is herein reviewed. The limitation of the current bio-imaging method is probing only known molecules, and a method for finding new molecules is needed for cells which, however, show individual behaviors even in the same incubation dish. Single-cell MALDI-TOF/MS has been developed, but it can detect only molecules that can be easily ionized, and not be exhaustive. Recently, the contents of a single cell have been sucked out by a nano-electro spray tip, and directly introduced into MS by nano-spray ionization. Thousands of molecular peaks have been successfully and exhaustively detected, and an extraction method for key molecules was also developed. This new method is now being widely applied to explore site-or state-specific molecules in various aspects of cell dynamisms.
Introduction
When we are watching a cell, it shows us various unexpected and interesting behaviors. [1] [2] [3] We would thus like to know the reasons and mechanism of those fascinating phenomena of life. This is a real moment of the scientific study of living organisms. In such visualizations of cell behaviors, we frequently found that the behaviors of cells are not identical nor synchronized even in the same incubating dish. 4 In allergy response, one rat mast cell pops its micro granules out, exocytosis, in rapid way on stimulation by a calcium ionophore, however, another cell pops very slowly, as shown in Fig. 1 . We then came to doubt the results using many cells at once. In our current biochemical analyses, we usually prepare a sample by correcting many cells that are in a certain condition in order to make sufficient amounts of molecules to be detected at the current methodological sensitivity. The results should be considered as being the "averaged" one, and the conclusion is just for in total. However, under consideration of the before-mentioned cell's individual behaviors, it should not be sufficient, and sometimes be incorrect in concluding about the mechanisms of life, and thus we decided to innovate a very sensitive method to analyze even a single cell with, ideally, direct observations of individual behaviors of cells and with direct detection of the molecules in charge.
Ideal Method for Cellular Analysis
The most ideal method for cell biology, we thought, is that can directly analyze the molecular mechanism of a live single cell by cell visualization, and then various molecular aspects of life can be disclosed in a quite rapid and direct way. Video imaging and bio-imaging 3-7 of cells or single molecular imaging [8] [9] [10] [11] have been the leading methods for visualizing those molecular mechanisms.
However, these imaging methods have a methodological limitation in that only known molecules can be probed or stained so as to be visualized. Since it is hard, of course, to visualize unknown or undiscovered molecules, we should find a new method to detect and identify many molecules including new ones, preferably, in a single cell.
In 1999, I proposed one method in the next millennium symposium, named a "video-mass spectroscope", 3 in which the cell behavior is monitored by a video-microscope and the cell contents can be sucked out by a glass capillary when the cell shows an interesting behavior, and the contents are fed to the mass spectrometer by an electro-spray ionization (ESI) method, as shown in Fig. 2 . However, this idea using ESI was too poor in sensitivity and single-cell molecular detection has never succeeded for 7 years since then.
We used an resin-packed nano-spray tip to preconcentrate released histamine and serotonin from an allergy model cell line, Rat Basophilic Leukemia (RBL-2H3) cells upon stimulation. 12 The releasing time course of these chemical Reviews mediators has been successfully detected, although analysis is needed of at least 10000 cells for one measurement. Among many trials in vain, we had been coming to recognize that electro spray ionization (ESI), 13 which nebulizes the high-voltage charged liquids of samples with nitrogen sheath gas, is different from nano-electro spray ionization (nano-ESI) [14] [15] [16] [17] which generates very fine mist of a charged sample liquid induced by only a drop of applied high electro-voltage, and the ionization efficiency of nano-spray ionization seems to be much higher than that of ESI.
Single Cell Analyses by MALDI-TOF/MS
The MALDI-TOF/MS (matrix assisted laser desorption ionization-time of flight/mass spectrometry) method has been another challenge for single-cell analysis, and many trials have been made worldwide. [18] [19] [20] [21] [22] After our challenges using this method, we, however, noticed the following problems in applications: 1) Cells were killed by the addition of a matrix solution, and it is hard to trace a tiny target single cell on the evaporation and crystallization process of the matrix. 21 It is also hard to irradiate a laser beam to the point a target single cell in the congestion of micro-crystals of the matrix. These difficulties made this method tedious and not in "live" nor real time.
2) The number of peaks detected was very small even when using many cells, and not sensitive enough for a single cell at the usual size of about 10 μm. It seemed that only these molecules easy to be ionized were detected. Thus, this method was not exhaustive in molecular detection for so many components in a cell. This, we think, is also one limitation of the current MALDI/MS imaging of biological samples. 23, 24 3) Molecular identification was hard. Nowadays, we have atmospheric MALDI attachment 25 and MS/MS analysis can be performed by MALDI-ion trap 26 or -TOF/TOF 27, 28 attachments; however, we should know that it is still hard to identify the molecules even by MS/MS analysis when we have no related known MS/MS spectrum data as a reference, and sensitive MS/MS analysis at much higher resolution is needed to identify the "new molecules".
Video Mass Spectroscope
After these challenges in vain for the video mass-spectroscopic method, we finally got an idea to use nano-spray ionization which seemed to be the most sensitive method with exhaustive molecular detection ability. Also, the nano-spray tip can be simultaneously used to insert it into a live cell and to suck out its contents under the "video-microscopic observation" because the tip is essentially a micro capillary.
The volume of a single cell at a 10-μm diameter is less than 1 pL, which is too tiny amount to be detected by our current detection limit of Q-TOF-type mass spectrometers. Single-cell content, such as cytosol or even an organelle, can be trapped only at the top point of a micro-capillary. We adjusted the nano-spray tip with the top bore to be 1 -5 μm to insert and suck out the content of a live cell from its cytosol or organelle, and then set the same tip on a nano-ESI attachment of a mass spectrometer to feed the contents into the spectrometer by nanoelectro spray ionization, as shown in Fig. 3 . 29 The nano-spray tip was improved for single-cell analysis by a cooperative company, Humanix, Co. Ltd., Japan, using our original knowhow for making a steady and long lasting nano-spray. This tip can stably spray 1 μL of a standard solution for a maximum of 2 h. However, when the contents of a live single cell were captured at the top of the nano-spray tip, they could not be directly sprayed to the mass spectrometer. A high viscosity of the cell contents prevented spraying. We thus added 1 μL of an ionization solvent into the tip, which is an organic solvent with a volatile acid or base, and finally found "thousand of peaks" in the mass spectrum for "a live single cell," as seen in Fig. 4 . 29, 30 The molecular contents of a cell, especially small molecules, can be extracted by a nl/min level stream of an organic solvent through the contents trapped by the tip, and sprayed out the molecular contents to the mass spectrometer. For the first 5 min or more, we could detect molecular peaks and then the peaks finally became only that of the solvent. Fig. 3 Scheme of the new "Video-Mass Spectrometry"; now we call it as "Live Single-cell Mass Spectrometry (LiveSC/MS)". The cell is observed by a video-microscope, at the moment of sampling, a nano-spray tip is inserted into a target site of a live single cell and the contents are sucked into the tip. After the addition of an ionization solvent into the tip, the tip is set to the nano-spray ionization source to feed the molecular contents into the mass spectrometer to obtain MS spectrum. Fig. 4 One example of the MS spectrum for a live single granule in a cell. The insert is a picture on the moment of capturing the contents of a single granule by a nano-spray tip (triangular shadow). Several small but important peaks are magnified in the top. Fig. 5 Tables of 66 granule-specific peaks with the m/z and the t-value (discriminated by the t-value more than 95%) and 8 cytosol-specific peaks (discriminated by the t-value less than -80%) out of a total of about 700 cell component peaks. The pictures show the trapping process and the sites where the content of a granule and cytosol have been trapped.
Additional Method for Exploring the Molecules in Charge
Among thousands of detected MS peaks, we can find molecular peaks that are related to a specific stage or function of a cell. Peak comparison and subtraction between two sets of obtained MS peaks were performed to extract the peaks that show a change in intensity between two corresponding stages of a cell. 30, 31 For validation, triplicate or more samples were measured. After this tedious manual data-processing trial, we adapted for this data a commercial analysis software, MarkerView (Applied Bio-systems, USA), which was originally developed for cancer marker finding or tracing of drug metabolites. The obtained MS spectra were subjected to a statistic analysis, t-test, for finding stage or site-specific molecular peaks, and multivariate analysis, such as the principal component analysis (PCA), are applied to check the raw data with contaminant and for assigning or grouping various related sets of data.
Application to Localization Analysis and
Metabolomics of a Live Single Cell Figure 5 shows the capturing moment of a live single granule and cytosol in a RBL-2H3 cell, and the result of a paired t-test between detected peaks of a single granule and those of cytosol showed 66 granule-specific peaks (t-value more than 95%) and 8 cytosol-specific peaks (t-value less than -80%). 31 This t-value is useful as an index of data dependency to a group. In this case, 100% means that the peak can be found only in a granule, and -100% means that only in cytosol. The top columns for peak m/z 112 and 177 after a t-test analysis are shown more schematically in Fig. 6 which shows that only the peaks in 5 samples from single granules have m/z 112 peak intensities, while m/z 177 peaks have similar intensities. The peaks were subjected to MS/MS analysis, and each MS/MS spectrum resembles the histamine and serotonin standard to prove that only histamine is specifically found in granules in RBL-2H3 cells. 31 As shown in Fig. 7 , tryptophan was mainly found in cytosol and its metabolite, serotoin, was found in both cytosol and granules. 31 These results were totally understood by a metabolic pathway and transport of these amino acids. Histamine, a chemical mediator of allergy, is biosynthesized from histidine in a granule, but serotonin is synthesized from tryptophan in cytosol and then transported to a granule to have equal distribution in cytosol and granules. 31 The senior editor of the Nature, Dr. Tanguy Chouard, gave our method a name, "Live Single-cell Mass Spectrometry (LiveSC/MS)" in his advising e-mail, and we have frequently used this name or its combination for our video-mass spectroscopic method since then.
With the same strategy and data analyses, the localization of many molecules, the live single-cell metabolomics, 32 and even the live single-organelle metabolomics have been performed by our LiveSC/MS method. We are now using stable isotopelabeled compounds to trace the pathway of metabolism and the transport of various molecules at the single cellular level.
Application to Classification or Grouping Analysis of Cells
Principal-component analysis is the helpful tool for the discrimination or classification of data sets by finding the direction of maximum variance. Figure 8 shows MS spectra of 7 phenotypes of cells. 30, 31 Obtained spectra are apparently different from each other. In order to check the possibility to classify these cells by their spectral character, PCA was applied to these data sets. Figure 9 shows the results of a PCA analysis by a score plot to classify the data points into 7 groups of phenotypes of cells. 31 The loading plot shows the peaks as dots and the peak points are scattered in two dimensions by two principal-component axes. The central zone is for common peaks, while the peripheral peaks are specific to each phenotype. One of the peaks at m/z 130.04 was identified as pyroglutamic acid as one of the characteristic molecules mainly found in the CAKI1 cell and the TIG-3 cell specifically. 31 In combination of only two or three specific molecules found by this method, these phenotypes will be classified in the near future.
We usually apply PCA first to check raw data to be exclusive or not by contaminants, such as cell medium, and then apply a t-test when we would like to find a site or state specific peaks, or apply PCA to to perform grouping or classification. We are totally performing LiveSC/MS with such a systematic procedure. Finding cell cycle-specific molecules, cancer-specific molecules, and differentiation control factors of iPS or stem cells is under investigation.
As much as we have applied LiveSC/MS to various live cells, this method has been quite useful to find state or site-specific molecules, especially small molecules, and it is rapid, simple and direct. We hope this new method will greatly speed up various studies of life sciences from now. Peak Intensity Fig. 9 Single-cell grouping of seven phenotypes of cells (n = 3) by a score plot (upper left) of PCA analysis applied to the spectra in Fig. 8 . A loading plot (upper right) shows the peak (shown in dot) dispersion along the principal-component axis and the cell type dependent distribution of the peak m/z 130.4 which was identified as pyroglutamic acid by MS/MS analysis, is shown in the bottom figure.
